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Caffeic Acid Activity Against Clostridium botulinum Spores

BOBBY L. BOWLES and ARTHUR J. MILLER

ABSTRACT

Caffeic acid (CA) is widely distributed among higher fruits and veg-
etables. While CA has antimicrobial activity, little information exists
on its utility as a food additive. As such, CA was tested for activity
against Clostridium botulinum spores. At 0.78 and 3.25 mM, CA in-
hibited germination for 6 and 24 hr, respectively, with >100 mM re-
quired to render spores nonviable. CA concentrations = 50mM reduced
80°C spore thermal resistance. Sporostatic activity was retained when
tested in commercial meat broths, and 5.0 mM CA delayed toxigenesis.
Caffeic acid has potential as a food additive to inhibit growth of C.
botulinum, and reduce thermal processing requirements of heat sensi-
tive foods.
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INTRODUCTION

CLOSTRIDIUM BOTULINUM is an anaerobic, Gram-positive, endos-
porulating bacillus that synthesizes a potent neurotoxin. The
disease induced by the neurotoxin is of international concern
with distinct seasonal and strain regional differences (Haus-
child, 1989). Foodborne botulism outbreaks are a frequent
form of the disease, and are usually associated with home pre-
pared products. Recent U.S. and Canadian (1977-1985) out-
breaks were attributed to foods at restaurants (Sugiyama,
1990). Vegetable and fruits are the most often implicated food
vehicles, followed by fish and fish products, condiments, and
beef or pork products. C. botulinum spores are the important
initial contaminants, and inhibition is primarily directed
against spore transition phases (e.g., activation, germination
and/or outgrowth) to ensure botulism-safe foods.

The incidence of botulism is low in the U.S. but toxin po-
tency, health concerns about some antimicrobial agents such
as NaNO,, and growth potential in low oxygen-tension pack-
aging, necessitate further investigations to identify alternative
antibotulinal agents (Bean and Griffin, 1990; Conner et al.,
1989). Organic acids inhibit growth of several bacterial path-
ogens, and their study as antimicrobial food additives has been
reported (Debevere, 1988; Miller et al., 1993; Mountney and
O’Malley, 1965; Palumbo and Williams, 1992).

Hydroxycinnamic acids, their methylated and sugar deriva-
tives, are ubiquitous throughout the plant kingdom (Harborne
and Conner, 1961). Although hydroxycinnamic acids, such as
caffeic acid (CA) are not approved as food additives, they are
common naturally occurring components of most daily dietary
intakes. The total human dietary intake of plant phenols may
approach 1.0 g/day (Brown, 1980). CA reduces the incidence
of cancer by preventing in situ formation of carcinogens from
precursors (Yamaguchi and Iki, 1986). CA and its sugar esters
are antibacterial (Ravn et al., 1989; Toda et al,, 1989), anti-
fungal (Valle, 1957), antiviral (John and Mukundan, 1979),
and inhibit mycotoxin production (Paster et al., 1988). Fur-
thermore, CA “interacts with metal ions such as iron (Konto-
ghioghes et al., 1986), that have been demonstrated to be
essential C. botulinum growth factors.
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The antibotulinal activity of hydroxycinnamic acids is not
well defined, and few have been tested for spore inhibition.
The inhibitory activity of CA, coumaric, ferulic and sinapic
acids against Gram-positive bacteria (Herald and Davidson,
1983; Nowak et al., 1992) suggests, however, that they may
have potential as antibotulinal agents. CA is a natural com-
ponent of raw plant materials for which antibotulinal activity
has been reported (Ismaiel and Pierson, 1990). Our objective
was to test CA to determine activity against C. botulinum
spores. The antibotulinal efficacy was defined by assessing its
effect on germination rates, dipicolinic acid release, spore ther-
mal resistance, and vegetative cell toxigenesis.

MATERIALS & METHODS

Cultures

A sporé mixture containing three type A (33, 62A, 69) and 3 type
B (999, 169, ATCC 7949) proteolytic C. botulinum strains was used.
Individual strain spore suspensions were prepared by culturing in bo-
tulinal assay medium (Huhtanen, 1975) without thioglycollate (BAM)
for 21 days at 32°C in a flexible anaerobic chamber (Coy Laboratory
Products, Ann Arbor, MI). Anaerobiosis was maintained using a gas
mixture consisting of 10% CO,, 5% H,, and 85% N, by periodic gas-
exchange flushes and palladium catalyzed O, removal. Spore crops
were harvested by 3 successive centrifugations at 17,310 X g for 10
min at 5°C with sterile distilled/deionized H,0O washes between cen-
trifugations. Spore pellets were suspended in sterile distilled/deionized
H,0, heat-shocked (10 min at 80°C) and stored at 5°C prior to use. C.
botulinum confirmation was based on Gram-reaction cellular morphol-
ogy, neurotoxin production confirmed by mouse bioassay, lipase, cat-
alase, and oxidase activities (Centers for Disease Control, 1974). Each
spore crop was quantified and the six-strain spore mixture prepared by
combining equal numbers of individual strains to provide a final con-
centration of 4.7 X 105 spores/mL. Viability and germination rates of
individual strains were tested initially, and monthly on spore mixtures
(Centers for Disease Control, 1974). All analyses, unless otherwise
indicated, were conducted using heat (10 min at 80°C) activated 4.7
X 105 CFU/mL C. botulinum spores.

Caffeic acid

CA (cis-butanenedioic acid) was purchased as the 99.9% free acid
from Sigma Chemical Company (St. Louis, MO) and used as supplied.
A 0.2 M stock solution was prepared in 95% ethanol and stored at
5°C. Final ethanol concentrations of treatments for antimicrobial testing
were below those reported to be sporostatic or sporicidal (Koransky et
al., 1978). The structure and some properties of CA are listed (Table

1).

Determination of spore minimal inhibitory concentrations (I\'IIC)

A quantitative broth dilution method was used to determine the ef-
fect of CA on C. botulinum spores (Bowles and Miller, 1993a,b). CA
was serially diluted (200, 100, 50, 25, 12.5, 6.25, 3.13...-0.05 mM) in
1.0 mL BAM broth (pH 7.0 * 0.2), and inoculated. The CA concen-
trations represented a final pH range 7.0-4.0. The tubes were incubated
anaerobically for 6 or 24 hr at 32°C, heat-shocked for 10 min at 80°C
to destroy germinated and outgrown spores, and 0.1 mL subcultured
into 9.9 mL thioglycollate (TG) broth. A separate set of TG tubes
inoculated with non-heat-treated culture was included to determine
spore viability without thermal treatment. Five replicate TG tubes in-
oculated with heat- or nonheat-treated culture, were used for each con-
centration. TG tubes were incubated aerobically for 48 hr at 32°C, then
examined for turbidity. A sporicidal effect was defined as no growth
in at least 4 TG tubes containing non-heat-treated cultures. A sporo-
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Table 1—Description and properties of caffeic acid

Type Description®
Structure

CH=CHCO, H
Synonyms 3-(3,4-Dihydroxyphenyl)-

2-propenoic acid
3,4-dihydroxycinnamic acid

Molecular weight 180.15
Melting point 152-153°C
Decomposition 223-225°C (softens at 194°C)

Normal state (25°C)
Food regulatory status
Carcinogenicity?

Yellow-brown crystals
Nonapproved

Gastrointestinal tumors in 6 wk old
male rats by 2% oral administration

Natural occurrence Plants
Conjugated form (e.g. chlorogenic
acid)

Solubilities Sparingly in cold H30; Freely in hot

H20 or cold alcohol

2 Budavair et al., (1989).
b Hirose et al. (1990).

static effect was defined as growth in at least 4 TG tubes inoculated
with heat-treated culture.

Dipicolinic acid (DPA) release

DPA release was estimated using the colorimetric assay of Janssen
et al, (1958). CA was added to 9.9 mL BAM broth tubes to provide a
concentration series of 0, 1, 2, 3, 4, and 5 mM, with pH range 7.0-
5.0. Test media were inoculated and incubated 9 hr anaerobically at
32°C. Thereafter, cultures were centrifuged at 1,500 X g for 10 min
and the supernatant fluid was sampled for colorimetric analysis. One
mL of a freshly prepared 0.5M acetate buffered chromogenic reagent
was added to 4.0 mL of the culture supernatant. Optical density was
measured at 440 nm using a Shimadzu UV-VIS Model 160 spectro-
photometer (Kyoto, Japan) and DPA content calculated from a DPA
standard curve (0-160 pg/mL).

Effect of CA on spore thermal resistance

C. botulinum spores (8.2 X 10° CFU/mL) were aerobically exposed
to 50 or 100 mM (both pH 4.6) of CA in 5.0 mL glass vials containing
BAM broth for 30 min at 25°C, and the exposure medium transferred
to an 80°C Exacal high temperature water bath (NesLab Instruments
Inc., Newington, N.H.) for 5-20 min. A Keithley Metrabyte datalogger
model DDL 4100 (Taunton, MA) was used to monitor temperature and
equilibration time. After heat treatment, samples were removed, cooled
in an ice bath, and 0.1 mL diluted into 9.9 mL 1% peptone-H,0 (pH
7.2). Diluted samples were plated in duplicate onto BAM agar plates
using a Spiral Systems Model D plating instrument (Cincinnati, OH)
and incubated anaerobically at 32°C for 48 hr. Plates were enumerated
using a Spiral Systems Model S00A, then converted into bacterial
counts with Spiral Biotech CASBATM II BEN software (Bethesda,
MD). Spore thermal resistance was evaluated by comparing the pop-
ulation densities of CA-treated and -untreated BAM samples. A 50
min exposure control (25°C) of non-heat-treated spores with 100 mM
CA was included to confirm spore viability in the absence of thermal
treatment.

Inhibitory activity of CA in chicken and beef broth

Commercially prepared canned chicken and beef broths were dis-
pensed in 9.9 mL portions to sterile test tubes and caffeic acid added
to provide concentrations of 2.0, 3.0, 4.0 and 5.0-mM, with pH range
7.0-5.0. The broths were inoculated and incubated anaerobically at
25°C and examined visually at 24 hr intervals for turbidity. The com-
mercial chicken and beef broths each contained, (manufacture’s de-
scription) 1% each (w/v) of protein carbohydrate, and fat. Inhibition
was defined by comparing the turbidity of inoculated CA treatments
to those of ‘uninoculated and unsupplemented controls.
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Fig. 1.—Effect of caffeic acid on dipicolinic acid (DPA) release
from C. botulinum spores in BAM broth after 9 (A) and 24 (B)
hr anaerobic incubation at 32°C.

Effect of CA on toxigenesis

Five mL BAM broth tubes containing 0, 5, 10, 25, 50 or 100 mM
of CA were inoculated. All tubes, including an uninoculated set of CA
test concentration controls, were incubated anaerobically for 48 hr at
32°C, then centrifuged (1500 X g for 10 min) to remove cellular debris.
A 72 hr bioassay was conducted on duplicate Swiss-Webber 15-20g
mice of either sex by intraperitoneal injection (0.5 mL) of undiluted
culture supernatant fluid. Polyvalent antiserum controls were included
on some samples to confirm clinical symptoms as botulism (Centers
for Disease Control, 1974).

RESULTS & DISCUSSION

CA INHIBITED GERMINATION for 6 hr at 0.78 mM and 24 hr
at 3.25 mM (data not shown). CA concentrations > 100 mM
were sporicidal at both incubation periods (data not shown).
Controls with no CA addition germinated, as confirmed by
lack of growth in TG broth after heat shocking. Although bac-
terial spores may remain viable under extreme environmental
conditions, germination may be inhibited by minor physical or
chemical changes (Gould et al., 1970; Halvorson et al., 1966).
Relatively small amounts of a chemical agent can be sporos-
tatic, yet considerably higher concentrations are required to
render spores non-viable or to inhibit vegetative cell growth
(Bowles, 1991; Bowles and Miller 1993a,b; Smith and Dawes,
1989).

In the presence of CA DPA release was markedly less than
unsupplemented controls for up to 24 hr at 32°C. Inhibition
was time- and concentration-related, with an average 90% re-
duction.observed at concentrations = 4.0 mM (Fig. 1). Unsup-
plemented cultures contained 80 and 152.7 ugDPA/mL after
9 and 24 hr at 32°C, respectively. During initial germination
phases, degradative processes of cortex embedded lytic en-
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Fig 2.—Effect of caffeic acid on thermal resistance of C. botuli- ‘

num spores in BAM broth. Spores were incubated with various
levels of CA at 25°C for 30 min, then transferred to 80°C for 0-
20 min. A control was maintained for 50 min at 25°C.

Table 2—Activity of caffeic acid against C. botulinum spores in commer-
cial meat broths®

Minimal inhibitory concentration (mM)

Incubation
(d) Chicken broth Beef broth
2 2 2
4 2 2
6 3 >5
8 >5 >5

a Caffeic acid was tested at 2.0, 3.0, 4.0, and 5.0 mM. Growth was assessed by com-
paring cultures with unsupplemented (inoculated and uninoculated) commercial
broths.

Table 3—Bioassay of the effect of caffeic acid on 48 hr C. botulinum
challenge in BAM broth at 32°C

Culture toxicity assessment

Caffeic acid
(mM) (dead mice/total mice)
02 2/2
cb 0/2
5 0/2
10 0/2
25 2/2¢

a Unsupplemented BAM control.
b Polyvalent antiserum control, containing spores and no compound.
¢ Mice died of unconfirmed causes.

zymes alter spore permeability with concomitant DPA release
(Gould et al., 1970; Halvorson et al., 1966). Reduced DPA
release suggested that CA precluded changes in spore coat
permeability (Halvorson et al., 1966).

Proteolytic C. botulinum spores were reduced by < 100 mM
CA for 30 min, followed by 80°C heating for = 20 min (Fig.
2). Temperature equilibrium was reached in 2.7 min and as
expected, no decrease in population density occurred in 0 mM
CA controls. There was an indirect relationship between the
two CA doses and population densities. After 5 min at 80°C
a 2.4 or 2.8 log,, CFU/mL reduction occurred at CA levels of

50 and 100 mM, respectively. Inhibition as time-dependent,
and after 20 min at 80°C viable spore population densities at
50 and 100 mM CA fell 3.4 and 3.6 log,, CFU/mL with respect
to the control. Viability was retained when 100 mM CA was
added to challenge spores at 25°C for 50 min, the full chemical
exposure time. This indicated that CA had lowered the thermal
resistance of proteolytic C. botulinum spores to a normally
innocuous thermal challenge. Furthermore, although 100 mM
samples had a pH of 4.6, there was no evidence that this acid
level had any inhibitory effect.

Thermal resistance of sporeforming spoilage organisms has
been reduced by edible green plant extracts (LaBaw and Des-
rosier, 1953), and certain synthetic plant auxins modulated Ba-
cillus coagulans spore resistance (LaBaw and Desrosier,
1954). Thermal resistance of C. botulinum spores, moreover,
may be altered by the Fe*+ and Ca** levels or fatty acid content
in the sporulation substrate (Sugiyama, 1951). CA inhibitions
may be attributed to its reactivity at 80°C and changes in the
tertiary structure or spore coat proteins. Mild heating activates
bacterial spores by inducing spore coat structural changes
(Gould et al., 1970; Halvorson, et al., 1966). Thus, spore core
incorporation of CA may be enhanced with subsequent struc-
tural damage that render spores non-viable. The observed ac-
tivity suggests CA may be useful to lower thermal processing
requirements for some foods.

Two mM CA prevented germination for up to 4 days in
both chicken and beef broths, and >5.0 mM was required for
inhibition for 8 days at 32°C (Table 2). CA MICs in these
foods were =5 times higher than those in BAM broth. Anti-
bacterial agents are often less active in foods (Raccach, 1984),
because many food components (e.g. protein, fats) can lower
activity.

In the mouse bioassay, toxigenesis was delayed or inhibited
by CA concentrations = 5.0 mM (Table 3). Unsupplemented
controls were toxigenic at 48 hr at 32°C, and the observed
clinical symptoms were confirmed as botulism by neutraliza-
tion with polyvalent antiserum. CA concentrations = 25 mM
were lethal. CA has a mouse LD;, of > 721 mg/kg (Sigma
Chemical Co, St. Louis, MO).

CONCLUSIONS

CAFFEIC ACID, A HYDROXYCINNAMIC ACID DERIVATIVE, is a
naturally occurring food component that was demonstrated to
be sporostatic and sporicidal, to reduce spore thermal resis-
tance, and to inhibit C. botulinum toxigenesis. The antibotu-
linal properties suggest that CA may have potential to control
C. botulinum in foods or to lower required thermal processing
conditions.
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